With advanced subsonic transports and military aircraft operating in the transonic regime, it is becoming important to determine the effects of the coupling between aerodynamic loads and elastic forces. Because aeroelastic effects can signi cantly impact the design of these aircraft, there is a strong need in the aerospace industry to predict these interactions computationally. Such an analysis in the transonic regime requires high-delity computational uid dynamics (CFD) analysis tools, due to the nonlinear behavior of the aerodynamics, and high-delity computational structural dynamics (CSD) analysis tools. Also, there is a need to be able to use a wide variety of CFD and CSD methods to predict aeroelastic effects. Because source codes are not always available, it is necessary to couple the CFD and CSD codes without alteration of the source codes. In this study, an aeroelastic coupling procedure is developed to determine the static aeroelastic response of aircraft wings using any CFD 
Introduction
T RADITIONALLY, aircraft designers have viewed aeroelastic effects as undesirable. To avoid aeroelastic phenomena, the stiffness of the wing was increased by adding weight to the structure. Recently, there has been an increased interest in taking advantage of aeroelastic effects for roll control, load alleviation, and drag reduction while reducing the wing weight, as in the active exible wing 1 ;2 and the active aeroelastic wing 3 programs. In addition, the accurate prediction of wind-tunnel model static aeroelastic deformations is becoming increasingly important for transonic testing of transport aircraft. 4 Whether viewed as undesirable or desirable, it is becoming more important to predict the static aeroelastic behavior of transport and ghter aircraft, especially in the transonic regime.
Advanced computational uid dynamics (CFD) tools are necessary to capture the nonlinear behavior of the aerodynamics in the transonic regime (shocks, vortices, separation). Here, the nonlinear nature of the aerodynamics makes load prediction dif cult. The accuracy of the loads on a wing depends on the accuracy of the shock waves prediction. 5 Coupling of high-delity CFD and computational structuraldynamics (CSD) tools to solve aeroelasticproblems has received interest only in the past few years. Huge computational power is required to make the use of such tools feasible.Continuous improvements in computer speed, memory, and architecture have, however, made solving these computationally intensive problems more cost effective.
There are both uncoupled and coupled methods for solving these nonlinear systems of equations. 6 Aeroelasticproblems of aerospace vehicles are often dominated by ow nonlinearities and, at times, by large structural deformations.Therefore, coupled approachesare necessary to solve such problems accurately. 7 Such approachesfor solving aeroelasticproblems are usually categorized in two ways: loosely or strongly coupled. The loosely coupled approaches can be integrated or modular. Integrated, loosely coupled methods alter the source code of either the CSD or CFD analysis tool by including the coupling schemes in either code. Though the codes are integrated,the CFD and CSD equationsare not being altered and are solved independently. Modular, loosely coupled methods do not integrate the coupling schemes into either the CFD or CSD code. This allows for the use of a variety of CFD/CSD codes.
Strongly or fully (single-domain) coupled approachesrequire the solution of the CFD and CSD equations simultaneously, which necessitates the reformulation of the equations of each discipline. 8 The matrices associated with the structures are orders of magnitude stiffer than those associated with the uids. Thus, it is numerically inef cient or even impossible to solve both systems using a monolithic numerical scheme. 7 Recently, there have been renewed attempts to solve both uids and structures in a single computational domain.
9;10 However, they have been limited to simple twodimensional problems and have not proven to be better than the loosely coupled approach.
Guruswamy and Yang 6 demonstrateda loosely coupled approach to aeroelasticity. The uids and structures were modeled independently and exchanged boundary information to obtain aeroelastic solutions. The uids were modeled using nite-difference-based transonic small-disturbance equations. The structures were modeled using nite element equations. The two disciplines were coupled to solve aeroelastic problems of two-dimensionalairfoils. This loosely coupled or domain decomposition approach was shown to be ef cient and accurate. This approach has been extended to three-dimensionalproblems and is incorporatedinto advancedaeroelastic codes such as XTRAN3S, 11 ATRAN3S, 12 and CAP-TSD. 13 Guruswamy 14 ;15 also demonstrated the same technique by modeling the uids with Euler/Navier-Stokes equations on moving grids. Matching the CFD grid displacements with the CSD or nite element model responsemaintains the accuracyof this loosely coupled approach.
Several papers have presented techniques for calculating aeroelastic solutions using loosely coupled high-delity CFD and CSD methods. 4 ;16 -25 Often the coupling is integrated, allowing the two disciplines to exchange information at the boundaries in an ef cient manner. However, this usually requires either the CFD or CSD code to be rewritten to add for the communication between the two separate disciplines.
In some of this work, 22 ;23 the CSD analysis is performed using a modal analysis approach; this makes the exchange of boundary information easier. The loads need to be calculated only on the CFD grid points. As a direct result, not many algorithms have been presented for accurate transformation of pressures on the CFD grid to loads on the CSD nodes. Future work in analyzingcomplex wingbody structureswill require the use of detailed nite element models and the use of direct nite element equations, not modal analyses. Therefore, an accurate load transformation scheme is needed.
Macmurdyet al. 26 obtaineda static aeroelasticsolutionof an intermediate complexity wing using Euler ow equations (ENSAERO) coupled with nite element equations. The nite element wing-box was modeled using a Wright-Patterson Air Force Base structural analysis code, ANALYZE.
27 Static aeroelastic solutions were obtained by loosely coupling ENSAERO with ANALYZE in a modular manner. The twist and leading-edge plunge were obtained from the structural response, which were then applied to the CFD grid. The loads were calculated at the CFD grid points and were transferred to the CSD nodes using various schemes. The schemes did not transfer the loads accurately because some of the information was extrapolated.
Tzong et al. 28 presented a general method for calculating aerostructure interactions. An interface method based on nite element technologywas used to exchangeinformationbetween the CFD and CSD codes.The CFD analysis was performed using OVERFLOW 29 and a Douglas panel code. 30 The CSD responsewas calculatedusing a McDonnell Douglas Corporation nite element code. The interface method mapped each CFD grid point to a host nite element. The displacementsand loads were transferredbetween the CFD grid point and the CSD nodes using the shape functions of the host nite element. A disadvantageof this approach is that the shape functions of the nite elements in the model might not be available to the user. In addition, the normal degrees of freedom might not be contained in the host nite element to transfer the boundary information accurately. This interface method has been integrated into the nite element code at McDonnell Douglas. This again restricts a user's ability to use the CFD or a CSD code of choice.
Two ways of transferringthe pressureson the CFD grid to the CSD nodes are possible. 28 In the rst method, pressures on the CFD grid are interpolatedonto the CSD model and are integratedto obtain the forces on the CSD nodes. Tzong et al. 28 state that the inconsistency between the CFD and CSD models makes this conversionimproper. The pressurescan be convertedto the CSD model, but the loads may not be integrated accurately because information about the true surface areas is often not available from the CSD model. In the second method, the forces at the CFD grid points are calculatedby using the CFD grid information and then are transferred to the CSD nodes. This transfer calculates loads on the CSD nodes more accurately and is easier to implement. This is the method chosen in this study.
In the loosely coupled modular approach, boundary information between the CFD and CSD codes is exchanged through the codes' native les. Native les are the les required by the code as input and the les to which the output is written. The forces are obtained from the output of pressures from the CFD code. A pressure mapping algorithm transfers the pressures from the CFD grid to the CSD nodes. The CSD code calculates the response of the structure. The resulting output, the displacements,are interpolatedto the CFD grid using a displacement mapping algorithm. The CFD code calculates the ow eld about this new CFD grid. The procedure is repeated in an iterative manner until a speci ed convergence criterion is met. Therefore, two mappings are necessary to obtain static aeroelastic solutions in a loosely coupled and modular manner. The mappings used are described later.
The mapping of the displacements from the CSD nodes to the CFD grid requires an interpolation scheme. Smith et al. 31 presented a review of the methodologies for this mapping in interfacing CFD/CSD codes. A signi cant literature review and an industry/government survey narrowed the search to six schemes: 1) in nite-plate spline, 2) nite-plate spline, 3) multiquadric-biharmonic, 4) thin-plate spline, 5) inverse isoparametric mapping, and 6) nonuniform B-splines. These methods were analyzed by a series of mathematical test cases and selected applications. The in niteplate spline (IPS) method, commonly referred to as the Harder and Desmarais 32 surface spline, was chosento interpolatedisplacements from the CSD nodes to the CFD grid. The IPS method provides reasonable results without having the requirement that the input grid be a rectangular array. In addition, its ease of use and implementation make it one of the better methods, as can be seen by its use in several codes. More details of the other methods can be found in an excellent review given in Ref. 31 .
Several researchers have investigated either arti cial structural damping 33 or underrelaxation techniques 21 ;28 to converge the solution faster and/or to keep it stable. In this paper, an initial rigid steady-state solution of the lifting surface is used to decrease the time to calculate a static aeroelastic solution as opposed to starting impulsively from freestream boundary conditions. In addition, the CFD solution need not be fully converged after each grid deformation before exchanging information with the structural analysis code. This has a similar effect as an underrelaxationscheme and has been used effectively, as seen in Ref. 34 .
Static aeroelastic solutions are obtained in this paper assuming a linear structural model. The loads obtained from the pressures are applied to the original nite element model to obtain the displacements. The nite element model is not regenerated using the displacements in the previous iteration, although this capability is not dif cult to include in the aeroelastic coupling procedure.
An aeroelastic coupling procedure is presented by which static aeroelastic solutions of aircraft wings are obtained. The aeroelastic coupling procedure requires only the grid point coordinates of the CFD and CSD grids to create the interface mappings. To demonstrate this procedure, a static aeroelastic solution of the F/A-18 stabilator is calculated by using Euler ow equations as available in NASTD (an in-house McDonnell Douglas Aerospace-East code) and nite element equations as available in the structural analysis tool NASTRAN. 35 The solution is obtained in the highly nonlinear transonicrange at Mach 0.95 and at 1-deg angle of attack. Next, two different CFD and CSD codes are used to obtain a static aeroelastic solution for the Aeroelastic Research Wing (ARW-2). NavierStokes equations, as available in ENSAERO, 36 are coupled with a nite element wing-box code 37 to obtain a static aeroelastic solution in the transonic regime at Mach 0.85, at 1-and 2-deg angle of attack. The exible solutions are also compared with experimental results, and good agreement is obtained. The examples use direct nite element equations, not modal analysis equations, to obtain the structural response. The advantage of the proposed aeroelastic coupling procedure is, thus, shown by using two different sets of CFD/CSD codes to perform static aeroelastic analyses.
Because of space restrictions,all of the details and gures are not shown; these can be found in Ref. 37 .
Aeroelastic Coupling Procedure
A static aeroelastic solution of a wing is obtained using the following aeroelastic coupling procedure:
1) Obtain an intermediate or rigid steady-state CFD solution for the wing.
2) Calculate the pressures at the CFD grid points on the aerodynamic surface.
3) Map pressures at the CFD grid points to forces on the CSD nodes.
4) Obtain the structural response of the wing. 5) Map displacements at the CSD nodes to the CFD grid points of the aerodynamic surface.
6) Deform the entire CFD grid. 7) Repeat steps 1-6 until preselectedconvergencecriteriaare met. These steps, also shown in Fig. 1 , are repeatedin an iterative manner until a converged solution is obtained. This xed-point iteration scheme is used for its simplicity and for its ability to obtain loosely coupled CFD/CSD solutions.To use a method that converges faster, such as Newton's method, 38 large amounts of computational time would have to be spent in calculating sensitivities of pressure with respect to deformations. Direct nite element analysis, not modal analysis,determines the structuralresponse;thus, the number of unknowns makes this process inef cient. Therefore, Newton's method is computationally too expensive to make this approach feasible.
In obtaining the static aeroelastic solution of a wing, either a fully converged rigid steady-state solution or an intermediate solution is obtained before initiating the aeroelastic coupling procedure. Both methods were used. However, the aeroelastic solution converges faster if the aeroelasticcouplingis started with the CFD rigid steadystate solution as opposed to starting impulsively from freestream boundary conditions. Alternatively, introducing the structural coupling into the CFD solution process from the start, before obtaining even an intermediately converged CFD solution on the rigid wing, can lead to the possibility of a divergent solution.
The aerodynamic pressures are calculated using any CFD code. The forces are calculatedat each CFD grid point using the pressures and calculated areas. The forces at the CFD grid points of the wing are then mapped onto the CSD nodes. To do this, each CFD grid point is mapped to a structural triangle. In Fig. 2, step 1 shows the area used to obtain the force at CFD grid point i; j as indicated by the dotted box. Here it is assumed that the CFD grid is denserthan the CSD grid. The four closest structural nodes are obtained using the upper or lower surface structural grid, depending on the surface on which the CFD grid point is located. All possible triangles are formed using the four CSD nodes. Triangles that do not contain the CFD point as an interior point are eliminated. The area coordinates of the CFD point i; j with respectto the structuraltriangle determine whether the point is an interior point. If the area coordinates sum to 1:0 § 0:01, the CFD grid point is interior to the structural triangle. From Fig. 2 , there are four triangles and triangles 1 and 2 do not contain the CFD grid point and, therefore, are eliminated. Of the remaining triangles, the distance v i between the CFD grid point i; j and each CSD node of triangle m is calculated for i D 1; 3 as
where .x a ; y a ; z a / are the coordinates of the CFD grid point i; j and . Four CSD nodes were used to show this mapping algorithm, but this number n clo can be increased to any number, depending on the density of the nite element grid. It is possible not to nd a structural triangle for a CFD grid point if this number is too low. For example, if all four nodes in the preceding example are to the same side of the CFD grid point, then none of the formed triangles would contain the CFD grid point. Here n clo D 20 is used. This number was validated by graphically viewing the mapping of the CFD grid points to the structural triangles for various choices of n clo .
The structuralresponseof the systemis calculatedusing the forces obtained earlier on the CSD nodes. The following system of equations is solved:
where fu s g are the displacements at the CSD nodes and fK g is the stiffness matrix of the CSD or nite element model. This can be solved by any structural analysis tool to obtain the displacements fu s g on the CSD nodes. The displacements fu a g on the aerodynamic portion of the CFD grid are calculated using the structural response fu s g. A surface spline 32 is used to interpolatethe displacementsfrom the CSD nodes to the CFD grid points. Reasonableaccuracy 39 is obtainedas long as extrapolationis avoided.The surface spline equationis derived from the governing equations of a plate of in nite extent that deforms in bending only. The surface spline system of equations becomes
where [A s ] is dependent on the coordinates of the spline points, fcg is the vector of unknown coef cients of the surface spline equation, and fu spl g are the displacements at the spline points. In the preprocessing stage, some of the structural nodes and CFD far-eld grid points are chosen as the spline points. Matrix [A s ] is formed using the coordinates of the chosen spline points. The displacements for the CFD far-eld spline points are xed at zero, whereas the remainder of the spline point displacements fu spl g s are extracted from the structural response fu s g as
[E], composed of zeros and ones, is an n spl £ n max matrix, where n spl is the number of structural spline points and n max is the number of CSD nodes. Matrix [A s ] is decomposed using a LU factorization. The coef cients of the surface spline, fcg, are solved by forward and backward substitutions.
The displacements at the CFD surface grid points, fu a g, are calculated by using the coordinates of the CFD grid points within the surface spline equation. The exterior CFD grid is deformed using the CFD surface grid displacementsfu a g, but the deformation of the exterior CFD grid depends on the aerodynamic analysis code being used. Two separate codes for uid analysis are used. One of the codes, ENSAERO, 36 has a built-in scheme to move the grid once the CFD surface grid is deformed. The other, NASTD, 40 does not have such a scheme. Therefore, a simple grid moving scheme was applied when NASTD was used.
The aeroelastic coupling procedure is demonstrated by calculating a exible solution of an F/A-18 stabilator and the ARW-2.
Examples
Next the details of the static aeroelastic analyses of the F/A-18 stabilator and the ARW-2 are presented and compared with experimental and other available computational data.
F/A-18 Stabilator: CFD and CSD Modeling
For the F/A-18 stabilator, Euler ow equations, as available in NASTD, are used to demonstratethe aeroelasticcouplingprocedure. The analysis is performed at sea level, 1-deg angle of attack, and Mach 0.95. The CFD grid of the F/A-18 stabilator is approximately 800,000 grid points. The CFD surface grid of the F/A-18 stabilator only is shown in Fig. 3 .
A general-purpose nite element program, NASTRAN, is used in analyzing the structure. The stiffness matrix produced by NAS-TRAN is used to obtain the displacements for given aerodynamic loads. During the linear aeroelastic analysis procedure, NASTRAN is not directly involved because the stiffness matrix does not change during the procedure. The nite element model of the F/A-18 stabilator consists of 2000 nodes and 12,000 degrees of freedom (DOFs).
F/A-18 Stabilator: Aeroelastic Coupling Procedure
The rst step in the aeroelastic coupling procedure is obtaining the CFD solution for the lifting surface. For this case, the rigid steady-statesolution is obtainedbeforethe aeroelasticanalysiscycle begins. Once the CFD solution is obtained, the forces on the CSD grid are calculated using the preprocessed mapping. The mapping of the CFD points to the structural triangles as discussed earlier is shown in Fig. 4 , where the mapped structural triangle for each CFD point is presented. The structural triangle does not refer to an actual structural element. Thus, shape functions are not necessary, and if linear displacementsare assumed over each element,energy is Fig. 3 CFD grid for the F/A-18 stabilator. conservedduring the mapping. The actual structureof the wing does not extendto the wing root, but this was done to avoid computational problems with the CFD code NASTD.
Because NASTD does not have a built-in grid generator, the exterior CFD grid has to be deformed using the de ections on the wing surface. There are two ways of doing this: 1) Regenerate a completely new CFD exterior grid or 2) deform the existing CFD grid. Often, the existing CFD grid is deformed. These methods redistribute points along grid lines that are in the radial direction, i.e., normal to the surface, by displacing them a value equal to the surface value times some spacing parameter. Guruswamy 7 used a normalizedarc lengthas the spacingparameter.Batina 23 represented the exterior grid using a spring network, where the stiffness of the spring is inversely proportional to the length of the side of the CFD cell. This prevents the CFD grid from losing its quality. Therefore, a simple cosine spacing function is used to deform the exterior grid normal to the wing surface.
Assume that the CFD grid for this case has the i index varying circumferentially around the wing section, the j index varying in the normal direction, and the k index varying along the span. Once the surface de ections are known at j D 1, a cosine spacing function is used to deform the exterior grid at each spanwise (k D const face) location. The spacing function, dependent on the location along the normal direction, i.e., the j index, is de ned for j D 1; j max as
where j max is the maximum number of points extending in the radial direction,i.e., normal to the wing's surface. Using the displacements at the CFD surface grid, i.e., j D 1, the exterior grid is deformed at each k D const surface by multiplying the surface displacement by the spacing parameter ® s . The new vertical coordinate at some j section is
Note that the z rigid i;k coordinates are used and not the z coordinates from the previous iteration. To avoid overlapping of the CFD grid, a minimum spacing criterion ® min is chosen as i;k ¡ z j i;k < ® min , then ® s is set to one for that entire j section. In this example, all of the points within the j D 26 boundary are moved the same amount as the aerodynamic surface at j D 1. All of the points exterior to j D 26, i.e., 26 < j < j max , are moved using Eq. (6) . This enforces that the outer boundaries of the CFD grid do not move. This is done to take advantage of distributed computing capabilities in the future, where the grid can be broken into many zones. A Hewlett-Packard workstation was used to perform the calculations.
ARW-2: CFD and CSD Modeling
The ARW-2, a supercritical airfoil with an aspect ratio of 10.3 and a leading edge sweep of 28.8 deg, is used to validate the force and displacement mappings. The strong conservation law form of the thin-layer, Reynolds-averagedNavier-Stokes equations is used to calculate the uid ow about the ARW-2 wing as available in ENSAERO. The structural response is calculated by the nite element wing-box code. 37 The aeroelastic solution is obtained at Mach 0.85, an angle of attack ® D 1 and 2 deg, and a freestream dynamic pressure q D 200 psf and is compared with experimental results. In addition, the results are also compared with another similar work, which uses modal analysis as opposed to direct nite element analysis.
The CFD code uses a C-H-type grid with a grid size of 171 (circumferential) £ 51 (spanwise) £ 45 (normal) points. The wing CFD grid is shown in Fig. 5 . The wing has a grid size of 139 (circumferential) £ 39 (spanwise) points. The uid ow equations are solved for Mach 0.85, an ® of 1 and 2 deg, and a q of 200 psf.
The nite element wing-box model of the ARW-2 wing uses Allman's triangular elements in conjunction with axial bars to represent the wing's spars, ribs, and skins. Figure 6 shows the spars and ribs of the ARW-2 wing as modeled by Allman's triangular elements; the upper and lower surface skins are not shown. The wing is discretized into a 11 £ 13 mesh, 312 nodes, and 1872 DOFs. The ARW-2 wing consists of composite berglass skins, but the nite element wing-box code does not yet have composite capability. An equivalent isotropic wing is created by matching bending and twisting properties with the ARW-2 wing made of composite berglass skins. Details of the composite-skin ARW-2 wing nite element model can be obtained in Ref. 41 . Details of the isotropic equivalent of the composite-skin ARW-2 are available in Ref. 37 . 
ARW-2: Aeroelastic Coupling Procedure
The aeroelastic coupling procedure is more integrated using EN-SAERO and the nite element wing-box code because the source codes are available. If only the vertical displacementsare taken into account for the F/A-18 stabilator and ARW-2 wing, the CFD grid can become distorted. Therefore, the vertical displacementsare represented as a rigid-body rotation plus vertical displacementsat each airfoil section. This was done for the F/A-18 stabilator and ARW wing. This means that chordwise rigidity is assumed for the wings. It is known that this is a good approximation for the ARW-2 wing. Byrdsong et al., 42 using experimental data for the exible ARW-2, stated that the ARW-2 has suf cient chordwise rigidity. A Cray 90 was used to obtain the solution for this case.
Results

F/A-18 Stabilator
The convergence of the aeroelastic solution for the F/A-18 stabilator is monitored in several ways. The L 2 norm of the residuals of the continuity, momentum, and energy equations is examined. The loads on the wing surface are also examined. Satisfying these two criteria helps ensure that the CFD solution is converged. In the CSD solution, the displacements at various locations are examined to assure convergence.One of the convergencechecks for the structural analysis is shown in Fig. 7 , where the de ection of the wing tip of the F/A-18 stabilator is plotted after each cycle of the aeroelastic coupling procedure. The structural solution converges very quickly. This is because the rigid steady-statesolution was obtained prior to initiating the aeroelastic coupling procedure. In addition, the aeroelastic effect is not signi cant; the largest displacement on the F/A-18 stabilator is 1.55 in.
The nal converged exible F/A-18 stabilator is shown in Fig. 8 with the initial undeformed rigid F/A-18 stabilator. The largest de ection occurs at the trailing-edge tip of the F/A-18 stabilator, approximately 1.55 in. From a previous analytical study (performed at McDonnell Douglas) using CAP-TSD, a transonic smalldisturbance CFD code, coupled with modal analysis structures, the largest de ection of the F/A-18 stabilator was calculated to be 1.56 in. The de ection using NASTD coupled with NASTRAN is also about 1.55 in. The presentresultsdo comparewell with existingdata. Unfortunately, more details of the comparisons are not available. Next the ARW-2 is used to determine the accuracy of the entire aeroelastic coupling procedure because experimental static aeroelastic data exist for it.
Rigid Steady-State Solution
The rst step is to obtain the rigid steady-state solutions for the 1-and 2-deg angle-of-attack cases. Intermediate rigid steady-state solutions are obtained by using Navier-Stokes ow equations as available in ENSAERO. Convergence of the rigid steady-state solutions is checked by examining the L 2 norm of the residuals of all of the uids equations, namely, the continuity, momentum, and energy equations, combined. The L 2 norm is not suf ciently reduced, but this is done because a completely converged solution is not necessary to start the aeroelastic coupling. This study and the Farhangnia et al. 43 study start with the same rigid steady-state solution of the ARW-2 using ENSAERO. Farhangnia et al. used the rst ve mode shapes as opposed to the direct nite element equations used here. Because nal results are compared later, the starting rigid steady-state solutions are also compared by examining Fig. 9 . Figure 9 shows the C p variationat the 70.7% semispan location. Because both studies used ENSAERO to obtain the rigid steady-state solution, the results match, as expected.
After initiating the aeroelasticcoupling procedure,the CFD solution convergenceis checked by examining the L 2 norm of the residual of the uids equations, whereas the CSD solution is checked by examining displacementsat various locations on the wing structure. Flexible steady-state solutions are obtained at ® D 1 and 2 deg. The C p variation at the 70.7% semispan location, for the exible ARW-2 wing, is shown in Fig. 10 and plotted with experimental data from Ref. 43 . The C p variationcompares well with the experimentaldata. The shock location for the experimental data is 5% of chord aft of the computational data.
Because of exibility, the shock location has moved aft in both the 1-and 2-deg angle-of-attack cases. The C p plot at the 70.7% semispan location, shown in Fig. 11 , veri es this for the ® D 2 deg case. For the ® D 1 deg case, the shock movement is less. Figures 12 and 13 show the de ections of the front spar for the 1-and 2-deg angle-of-attack cases, respectively. Experimental data from Byrdsong et al. 42 are also shown. The wing tip for the 1-deg case de ects approximate 6 in., whereas the wing tip for the 2-deg case de ects approximately8 in. Good agreement is obtained using direct nite element data coupled with Navier-Stokes ow equations. In addition, Fig. 14 shows aeroelastic data from Farhangnia et al., 43 where modal analysis was used for the structural analysis in the 1-deg case. Modal analysis results are about 25% in error at the wing tip, where the rst ve mode shapes were used. Finite element equations results are 3% in error compared with experimental data. Here the increased accuracy of using direct nite element displacement data as opposed to modal analysis data is shown. Again, the accuracyof the aeroelasticcouplingprocedureand the nite element wing-box code are demonstrated successfully.
Conclusions
An aeroelastic coupling procedure was presented whereby static aeroelastic analysis can be performed by allowing the coupling of a wide variety of CFD and CSD codes. The procedure was demonstrated by performing static aeroelastic analysis on an F/A-18 stabilator using the nite element capability in NASTRAN coupled with Euler ow equations as available in NASTD (an in-house McDonnell Douglas CFD code). In addition, the ARW-2 was used to validate the aeroelastic coupling procedure using a nite element wing-box code coupled with Navier-Stokes equations as available in ENSAERO (NASA Ames Research Center CFD code). Experimental data were used to compare the computational aeroelastic solution of the ARW-2, and good agreement was obtained. The increasedaccuracyof the use of direct nite element displacementdata as opposedto modal analysis was also shown. The advantage of this aeroelastic coupling procedureis that it requires only the grid points of the CSD and CFD grids. Using only the grid point locations, necessary mappings are created to obtain static aeroelastic solutions. This procedure is modular. Currently, only the vertical displacements are considered. The interpolation scheme can be changed to account for the in-plane displacements. The aeroelastic coupling procedure is not as ef cient as a completely integrated scheme. This procedure is also limited in that large amounts of deformation will cause problems with the CFD grid deformation. This will occur at points near divergence speeds. However, for swept-back wings, divergence is not a problem.
